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abstract: Over the past 3 centuries, many species have been dispersed beyond their natural geographic limits by humans, but to our
knowledge, reproductive isolation has not been demonstrated for
such neo-allopatric species. We grew seeds from three species of
Centaurea (Centaurea solstitialis, Centaurea calcitrapa, and Centaurea
sulphurea) that are native to Spain and have been introduced into
California, and we tested to what extent seed production was affected
by pollen source. Compared with within-population crosses, seed
production decreased by 52% and 44%, respectively, when C. solstitialis and C. sulphurea from California were pollinated with conspecific pollen from native populations in Spain. This implies rapid
evolution of reproductive isolation between populations in their native and nonnative ranges. Whether reproductive isolation has
evolved following the introduction of other species is unknown, but
additional cases are likely, considering the large number of neoallopatric species.
Keywords: reproductive isolation, invasive weeds, hybridization, Centaurea solstitialis, Centaurea calcitrapa, Centaurea sulphurea.

Introduction
A central model for speciation is that when populations
are geographically isolated, gene flow between them ceases
and genetic drift and adaptation to different environments
lead to genetic divergence and reproductive isolation
(Mayr 1942). Reproductive isolation among existing populations has been demonstrated for plant and animal species (MacNair and Christie 1983; Funk et al. 2006; Lowry
et al. 2008), and experimental laboratory studies have successfully produced reproductive isolation after roughly
hundreds of generations (Rice and Hostert 1993). Speciation has been reported to occur via hybridization in as
few as 300 years for species in the genus Senecio (James
and Abbott 2005); however, evidence for rapid reproduc* Corresponding author; e-mail: danimontesinos@gmail.com.
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tive isolation in nature without hybridization is rare
(Schluter 2000, 2001; Coyne and Orr 2004; Hendry 2004;
Hendry et al. 2007). Humans are eliminating dispersal
barriers and dramatically expanding the global distributions of many species (Pimentel et al. 2005; Hulme 2007).
The result is that some recently established populations
are geographically isolated from their source populations,
and we refer to this as neo-allopatry. Cross-continental
introductions in particular have rapidly isolated populations of many species, and there is circumstantial evidence
for divergent selection between native and nonnative
ranges for ecological traits such as growth, herbivore defense, and competitive ability (Callaway and Ridenour
2004; Maron et al. 2004; Ridenour et al. 2008; Whitney
and Gabler 2008; Hierro et al. 2009). Theory predicts that
divergent selection of ecological traits can drive reproductive isolation and, eventually, speciation (Funk et al.
2006). Thus, exotic invasions provide exceptionally good
natural experiments in which to look for the development
of reproductive barriers, but to date there is no evidence
for any form of reproductive isolation for neo-allopatric
species.
Centaurea solstitialis, Centaurea calcitrapa, and Centaurea sulphurea are closely related annual plants within the
Jacea group of the Centaurea phylogeny (Garcia-Jacas et
al. 2006) and have overlapping distributions in their native
range of Spain and also in California, where they have
been introduced. Two of these neo-allopatric species, C.
solstitialis and C. calcitrapa, occur over broad native
(Southern Europe) and nonnative ranges (Americas, Australia; Maddox et al. 1985; Gerlach and Rice 2003), whereas
C. sulphurea has a highly restricted native range in Spain
and Morocco, and only a few populations have been found
in California. Centaurea solstitialis has become an aggressive invader in California, where it was introduced by or
before 1824 (Maddox et al. 1985). Centaurea solstitialis
was first introduced into Chile from Spain and then secondarily introduced into California via contaminated al-
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falfa seeds from Chile (Gerlach 1997; Hierro et al. 2009).
Centaurea calcitrapa and C. sulphurea are thought to have
been introduced to California by 1896 and 1923, respectively (Robbins 1940; Barbe 1989; Pitcairn et al. 2002;
Muth and Pigliucci 2006). These latter two species have
naturalized without becoming noxious invaders (Gerlach
and Rice 2003). All three species are diploid, with no polyploidy yet reported (Heiser and Whitaker 1948; Powell et
al. 1974; Sun and Ritland 1998). Centaurea solstitialis is
self-incompatible (Sun and Ritland 1998), while the other
two species are self-compatible (Forney 1997; Gerlach and
Rice 2003). Thus, these species provide a good comparative
system to test for reproductive isolation between species
and between native and nonnative ranges.
Methods
In the summer of 2009, we collected seeds from each of
fifteen different individuals from each of 45 different populations across the distributional ranges of the three species
in Spain and California (see table A1, available in Dryad;
http://dx.doi.org/10.5061/dryad.97g9b). We sampled eight
Centaurea solstitialis populations from Spain and 11 populations from California, 10 Centaurea calcitrapa populations from Spain and nine from California, and four
Centaurea sulphurea populations from Spain and three
from California. Seeds from each mother plant were grown
in a greenhouse (n p 675 plants). Seeds were germinated
in pots (2.2 L) with a 50 : 50 mix of 20–30-grit sand and
local soil from Missoula, Montana. Plants were watered
every 1–2 days and fertilized biweekly with 100 mL of 1.16
g L⫺1 Scotts Miracle-Gro (15 : 30 : 15 ⫹ micronutrients).
The greenhouse was sealed with fine mesh (0.5 mm) to
exclude pollinators.
At reproductive maturity, different pollen donors were
randomly chosen for each treatment, and for each individual plant, each inflorescence (capitula) was manually
pollinated with a different pollen donor. Manual pollinations were performed using a brush, and the seeds produced by those inflorescences were counted. Pollination
treatments were organized in a factorial design in which
each population had several replicates of intra- and interpopulation, intra- and intercontinental, and intra- and
interspecific crosses. A total of 848 intracontinental (including intra- and interpopulation crosses), 46 intercontinental, and 55 interspecific pollinations were made for
C. solstitialis; 1,277 intracontinental and 58 intercontinental pollinations for C. calcitrapa; and 269 intracontinental
and 51 intercontinental pollinations for C. sulphurea.
Emasculation of composite capitula with numerous inflorescences and with different flowering times was beyond
our reach, but this is not a problem for the interpretation
of results of the self-incompatible C. solstitialis (Sun and

Ritland 1998). However, self-compatibility might mask the
occurrence of true reproductive barriers for the two noninvasive species. Data from manual pollinations were analyzed separately for each species and continent, using R
2.14.1 (Crawley 2007; R Development Core Team 2010).
We used generalized linear mixed effects models
(glmmPQL; Venables and Ripley 2002; Zuur et al. 2009)
with Poisson error distribution to test for differences in
total number of seeds per capitula between pollination
treatments. Individual mother plant nested within population was used as a random factor. To test for differences
in morphological characteristics, we used SPSS 19 (Norusis
2002) to perform nested GLMs for each species, with inflorescence number, seed size, seed germination, and plant
size as dependent variables and individual plants nested
within population as a random effect.
Results
Centaurea solstitialis grown from seed from Spanish populations produced a similar number of seeds per flower
when treated with pollen from plants from California and
plants from Spain (t p ⫺0.91, df p 1, 436, P p .364; fig.
1). However, C. solstitialis from Californian populations
produced 52% fewer seeds with pollen from Spanish plants
than with pollen from Californian plants (t p ⫺2.69,
df p 1, 770, P p .007). Between- and within-population
pollinations within each continent did not differ in seed
set for Spain (t p ⫺0.73, df p 1, 436, P p .466), but Californian plants produced 25% fewer seeds per inflorescence when pollinated by plants from a different Californian population than by plants from the same population
(t p ⫺2.39, df p 1, 770, P p .017). Centaurea sulphurea
from Spanish populations experienced a 20% reduction
in seed set when treated with pollen from Californian
plants (t p ⫺2.39, df p 1, 241, P p .018). Centaurea sulphurea from Californian populations experienced an even
larger reduction, producing 44% fewer seeds when pollinated with pollen from Spanish plants than when pollinated with pollen from Californian plants (t p ⫺3.75,
df p 1, 218, P ! .001). Seed production of Centaurea calcitrapa showed no differences between pollen donors or
recipients from different ranges (Spain: t p ⫺0.77,
df p 1, 873, P p .441; California: t p ⫺0.31, df p
1, 647, P p .749).
We also measured significant differences in morphological traits between plants collected on the different continents, which is consistent with ecological divergence.
Centaurea solstitialis plants grown from seed from Californian populations produced 15% fewer inflorescences
(F p 3.41, df p 2, 18, P p .055) and 50% larger seeds
(F p 67.5, df p 1, 12, P ! .001), grew 5% taller (F p
17.93, df p 2, 18, P ! .001), had 21% longer spines
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(F p 17.33, df p 2, 18, P ! .001), and produced seeds with
38% higher germination rates (F p 12.20, df p 1, 19,
P ! .002) than plants grown from seeds from Spanish populations. Centaurea calcitrapa from California also produced a greater number of inflorescences (F p 9.91,
df p 2, 18, P p .013) and grew larger (F p 4.45, df p
2, 18, P p .027) than Spanish conspecifics. Centaurea sulphurea from California germinated at higher rates (F p
20.63, df p 1, 5, P p .006) than its Spanish conspecifics.
A strict interpretation of the biological species concept is
that reproductive isolation between different species needs
to be complete (100% isolation); however, interspecific
crosses for C. calcitrapa or C. sulphurea produced viable
seeds for plants from Spanish populations (65% reduction
in seed set; t p ⫺3.10, df p 1, 469, P p .002) and for
plants from California (88% reduction; t p ⫺3.64, df p
1, 827, P ! .001), with an average reduction in fertility of
77%. There were no differences in seed set between the
latter two species as pollen donors (t p ⫺1.47, df p
1, 33, P p .150).

California

Plant speciation can occur within centuries via hybridization (James and Abbott 2005); however, in the absence
of hybridization, speciation is generally thought to take
far longer (Coyne and Orr 2004; Vellend et al. 2007). We
found that seed production by the nonhybrid Centaurea
solstitialis and Centaurea sulphurea was reduced by 52%
and 44%, respectively, when North American plants were
pollinated by conspecifics from Europe, when compared
with those pollinated by conspecifics from North America.
This implies that a degree of reproductive isolation has
developed rapidly—within !200 years—between populations in their native and nonnative ranges. Interspecific
crosses produced 77% fewer seeds per inflorescence than
intraspecific C. solstitialis crosses. If we estimate that interspecific crosses represent an upper limit of reproductive
isolation among these species, the reproductive isolation
we detected between Californian and Spanish populations
of C. solstitialis was 68% of that limit.
To our knowledge, our results provide the first evidence
for rapid reproductive isolation arising between populations in the native and nonnative ranges of exotic species.
Future research should describe the mechanisms respon-

Region of pollen recipients

Figure 1: Number of seeds (mean Ⳳ SE) per inflorescence (capitulum) for Spanish and Californian Centaurea pollinated with pollen
from plants from the same continent (intracontinental), from a dif-

ferent continent (intercontinental), or from different species (interspecific). Different letters indicate significant differences between treatments within each region. Lowercase letters indicate differences for
intraspecific treatments. Uppercase letters indicate differences for interspecific treatments. Interspecific results are shown for the only selfincompatible species, Centaurea solstitialis.

000 The American Naturalist
sible for the levels of reproductive isolation detected between Centaurea populations (e.g., Ramsey et al. 2003;
Lowry et al. 2008). However, in the study species, flower
morphology and phenology do not differ among regions
(D. Montesinos, personal observation), and thus prepollination reproductive barriers are unlikely to be important.
Potential mechanisms of postpollination reproductive isolation include pleiotropy, genetic hitchhiking, chromosomal inversions, Bateson-Dobzhansky-Muller interactions,
genetic bottlenecks that occurred during the process of
geographic isolation, and changes in ploidy (Barton 2010;
Rieseberg and Blackman 2010; Schemske 2010; Wolf et al.
2010). The three Centaurea species we studied are diploid
on both continents (Heiser and Whitaker 1948; Powell et
al. 1974; Sun and Ritland 1998); thus, polyploid speciation
is unlikely. We did not sample all populations in the native
range, so we cannot exclude the possibility that reproductive isolation occurred among populations that we
failed to collect in the native range and that these preisolated populations are now common in California. However, our extensive interpopulation pollinations within the
native range found no evidence for reproductive isolation.
Also, even if reproductive isolation has occurred within
populations in the native range, our results would suggest
that new allopatric distributions can create the spread of
reproductive barriers that are far less common in the native
range.
The noninvasive species Centaurea calcitrapa and C. sulphurea are self-compatible. Highly self-compatible plants
are not likely to show a difference between pollination
treatments, since self-pollination should make up for any
pollen scarcity. However, individuals of the self-compatible
C. sulphurea showed a reduction in seed set when pollinated with pollen from a different region. This suggests
that incompatible pollen from a different region germinated in the style, thus competing with local pollen and
resulting in a reduced seed set for intercontinental crosses.
The fact that C. sulphurea demonstrated bidirectional reproductive isolation suggests that this may occur in the
future for C. solstitialis or that some degree of reproductive
isolation between Spain and California may already be
present for Spanish individuals and that we were unable
to detect it as a result of Type II error (a false negative).
For C. solstitialis, the only self-incompatible species we
tested, the reported degree of isolation appears to have
occurred in fewer than 200 generations. Other studies indicate that local adaptation in seed and seedling size, seed
morphology, and seed dormancy has occurred since the
introduction of C. solstitialis into the United States (Widmer et al. 2007; Hierro et al. 2009). Such local adaptation
and reproductive isolation might contribute to invasiveness (e.g., by fixing advantageous adaptations in the more
adapted populations of the nonnative range), but since the

noninvasive C. sulphurea also shows evidence of intercontinental reproductive isolation, isolation per se may be
unlikely to explain invasiveness.
Our results are unlikely to be unique, considering the
rate at which evidence for divergent selection for ecological
traits between native and nonnative ranges is being found
(Callaway and Ridenour 2004; Maron et al. 2004; Ridenour
et al. 2008; Whitney and Gabler 2008; Hierro et al. 2009)
and the very large numbers of species that have become
neo-allopatric in the past few centuries, with many more
likely to occur in the near future. Exploring reproductive
isolation in neo-allopatric organisms and the mechanisms
by which they achieve reproductive isolation may teach us
much about speciation and the rate at which it can occur.
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